Rumen characteristics and digestive kinetics of brown midrib corn silage were evaluated with five latelactation (221 DIM ± 20 d) multiparous cows fitted with ruminal and duodenal cannula. Dietary treatments were applied by using a single reversal design with two 21-d periods where either brown midrib (BM 3 ) or isogenic (ISO) corn silage were included in a total mixed ration formulated to be 40% concentrate and 60% corn silage on a dry matter (DM) basis. Rumen and total tract digestibilities of DM, organic matter, neutral detergent fiber, acid detergent fiber, starch, and N were determined and rumen characteristics evaluated. Apparent rumen DM and organic matter digestibilities were greater for the BM 3 corn silage (7.1 and 4.7 percentage units, respectively). Dietary intake and duodenal flow of starch were greater and rumen and total tract starch digestibilities were lower for BM 3 corn silage diets than ISO corn silage diets. However, more starch (1.1 kg/d) was apparently digested and absorbed postruminally in cows fed the BM 3 corn silage diets. Duodenal flow of neutral detergent fiber was 0.9 kg/d lower, and ruminal (15.9 percentage units) and total tract digestibilities (4.4 percentage units) were higher for BM 3 treatment compared with the ISO treatment. Digestive patterns of ADF were similar for the BM 3 and ISO treatments. Ruminal pH was lower in the cows fed the BM 3 corn silage than those fed the ISO corn silage. As a result of a tendency for decreased N excretion in urine and slight increases in N intake due to increased DM in-
INTRODUCTION
Physical gut fill is a factor that limits DMI in lactating dairy cows (Allen, 1996) . Because gut fill is a function of both rates of digestion and passage, diets with poor digestibility potentially decrease DMI. A suggested cause of low DMI for dairy cattle is low digestibility of diets high in cell wall (NDF) content (Allen and Oba, 1996; Oba and Allen, 1999b) . A significant limiting factor affecting the digestion of NDF in the rumen is lignification (Van Soest, 1994) . Thus, diets with reduced lignin contents have the potential to increase DMI by increasing ruminal NDF digestibility.
Silages made from the brown midrib (BM 3 ) mutant genotype of corn have 3.5 percentage units less lignin compared with normal corn varieties . Work by Oba and Allen (1999a) demonstrated a 9.7 percentage unit increase in NDF digestibility in vitro, using BM 3 relative to isogenic corn (ISO) silages. Incorporation of BM 3 corn silage in dairy cow rations increases the NDF digestibility as well as increasing DMI Oba and Allen, 1999a; Rook et al., 1977; Tine et al., 2001) . Feeding BM 3 corn silage increased milk yield by 6.7% (2.8 kg/ d) and milk protein content 8.1% (0.1 kg/d; Oba and Allen, 1999a) ; however, Block et al. (1981) observed a decrease in milk fat in cows fed BM 3 corn silage compared with ISO. In other studies, feeding BM 3 to dairy cows resulted in an increase in yield, yet milk components were unchanged (Keith et al., 1979; Tine et al., 2000) . Others have observed no change in milk yield when BM 3 corn silage was included in dairy cow diets (Rook et al., 1977; Sommerfeldt et al., 1979) .
To better explain the responses of lactating dairy cows to the inclusion of BM 3 corn silage, a better understanding of the effects of BM 3 corn silage on rumen fermentation and site of digestion is required. Only limited data are available on BM 3 effects on the extent of digestion in the rumen and its effects on microbial protein production. Therefore, the objectives were to determine the effect of BM 3 inclusion on ruminal, duodenal, and total tract digestibility of nutrients in diets fed to lactating dairy cows.
MATERIALS AND METHODS

Cows, Experimental Design, and Treatments
Five late-lactation multiparous Holstein cows, averaging 221 DIM (± 20 d) and 611 kg BW, and previously fitted with both ruminal and T-type duodenal cannulas (ANKOM Technology, Fairport, NY) were fed a TMR containing either brown midrib corn silage (BM 3 ) or isogenic (ISO) corn silage plus a common concentrate (Table 1) . Diets contained 60% corn silage and 40% (DM basis) concentrate and were formulated to meet or exceed NRC (1989) guidelines for lactating cows producing 45 kg of milk/d (Table 2) . Forage and concentrate DM were determined by heating in a forced draft oven (100°C) for 24 h with subsequent heating in a vacuum oven (100°C) for 24 h. The as-fed amounts of forage and concentrate in the TMR were adjusted weekly to maintain a constant forage-to-concentrate ratio on a DM basis. All animal procedures were con- ducted under the approval of the Beltsville Area Animal Care and Use Committee and the University of Maryland Animal Care and Use Committee.
Experimental Procedure
Treatments were assigned in a reversal design with two 21-d periods. The first 14 d of the period were used for diet adjustment, and feed offered was fixed on d 14 to 105% of ad libitum DMI determined during the first 7 d of the period. Total fecal and urine collections, ruminal fluid and digesta samples, and duodenal fluid sample collections were conducted on d 15 to 21. Cows were housed in tie stalls on rubber mats bedded with sawdust from d 1 to 14 of each period; thereafter, sawdust was removed to avoid contamination of fecal and urinary collections. Cows were milked twice daily at 0630 and 1830 h, and milk weights were recorded. Cow BW were recorded twice weekly, on Monday and Thursday at 1100 h.
Milk samples were collected from each cow (15 ml per milking for four consecutive milkings) on d 19 and 20. Samples were preserved (Broad Spectrum Microtabs 2, Weber Scientific, Hamilton, NJ; 16 mg of bronopol, 60 mg of natamycin) and stored at 4°C until sent to the Lancaster DHIA (Lancaster, PA) for analysis of milk fat, CP, lactose, and SNF by infrared analysis (Bentley 2000; Bentley Instruments, Inc., Chaska, MN).
Before the study, a modified NDF (mNDF) was isolated from the BM 3 corn silage by placing cotton bags of silage (1 kg) into a boiling solution containing 1500 g of sodium lauryl SO 4 , and 760 g of Na 2 HPO 4 in 50 L of H 2 O, for 1 h. Bags containing mNDF were then removed from solution, rinsed thoroughly with water, and dried (60°C for 4 d). Bags containing dried mNDF were then put into a solution of 50 g of ytterbium (C 2 H 3 O 2 ) and 3 L of distilled water for 24 h. The mNDF was then rinsed through a 0.5-mm screen and resuspended in 0.01 M acetate solution for 1 h. Bags were rinsed four times with distilled water (room temperature) and dried (60°C for 4 d). During the experiment ytterbium-labeled mNDF (50 g) was inserted directly into the rumen twice daily at 0830 and 2030 h from d 10 to 21. Labeled mNDF samples (50 g) were collected at the beginning of each period and ground with a 1-mm screen (Centrifugal Grinder Model ZM1; Brinkman Instruments Co., Westbury, NY) and stored for later analysis.
Representative samples (500 g) of grain and silage were collected daily (d 15 to 21) before TMR mixing and composited weekly. Additionally, TMR and orts samples (500 g) were collected daily from d 15 to 21, composited, dried (60°C for 5 d), then ground by using a 1-mm screen (Centrifugal Grinder model ZM1) for analysis. Duodenal digesta samples (250 ml) were collected from the duodenal cannula at 4-h increments on d 18 to 20. Sampling times were shifted forward by 2 h on d 19 and 20 such that over 3 d, samples were representative of 2-h sampling over a 24-h period. Duodenal digesta samples were freeze-dried (model 100 SRC; Virtis Co. Inc., Gardiner, NY) and ground with a 1-mm screen (Centrifugal Grinder Model ZM1), and a composite sample was generated with 20 g from each sampling time for each cow.
From d 5 to 21, feces were collected, weighed, and homogenized with a Hobart mixer (model L-800; Hobart Manufacturing Co., Troy, OH), composited at 25 g/kg excreted per day, and refrigerated (4°C). Samples were ground with a 1-mm screen (Centrifugal Grinder model ZM1) and subsampled for analysis.
From d 15 to 21, urine was collected daily using an indwelling urinary catheter (C. R. Bard Inc., Covington, GA), draining into preacidified carboys (100 ml of 12 N HCl per 20 L), composited at 100 ml/L excreted per day, and frozen (−20°C) until further analysis.
Ruminal fluid samples for VFA and pH determination were collected every 2 h over a 12-h period on d 21 of each period beginning before morning feeding (0800 h). Ruminal pH was determined with a digital pH meter (model 210; Orion Lab Products, Cambridge, MA) with the electrode placed into the ventral rumen approximately 16 cm above the rumen floor. Ruminal fluid samples were a composite of fluid collected from the anterior blind sac, dorsal blind sac, upper and lower forage mats, and liquid phase of the ventral sac, using a stainless steel sampling device. Approximately 10 ml of fluid was collected from each location into a single 50-ml tube, preacidified with 1 ml of 50% H 2 SO 4 (vol/vol) for each sampling time. Acidified rumen fluid samples were frozen (−20°C) until VFA analysis.
Ruminal digesta samples for isolation of ruminal bacteria were obtained on d 21 of each period at 0800, 1200, 1600, and 2000 h. A representative sample of digesta was collected from the anterior, dorsal, and midventral regions of the rumen by inserting a 250-ml cup into each section. The composited sample was squeezed through four layers of cheesecloth, and total liquid volume was collected and recorded. Squeezed digesta was subsequently rinsed with 0.9% NaCl (volume was equivalent to 20% of initial total liquid volume) and again squeezed through cheesecloth. A 400-ml aliquot of the final solution was retained and 5.4 ml of a 1.35% formaldehyde solution was added to each sample and was refrigerated (4°C) until analysis. Remaining squeezed digesta was returned to the rumen of the cow to minimize the impact on duodenal flow measurements.
Analytical Procedures
Ytterbium-labeled mNDF, TMR, duodenal digesta, and fecal sample DM were determined before analysis with 0.5-g sample dried at 100°C for 24 h, with subsequent vacuum drying at 100°C for 24 h. Dried samples were burned in a muffle furnace at 600°C for 6 h for determination of ash content.
The nitrogen content of ytterbium-labeled mNDF, feed, orts, duodenal, ruminal microbe, and urinary samples was determined with a Leco C/N 2000 combustion analyzer (model 601-900-000; Leco Corporation, St. Joseph, MI). Acid detergent fiber and NDF content were determined with an ANKOM 200 Fiber Unit (Ankom Technical Corporation, Fairport, NY), as modified from the technique of Van Soest (1994) and Goering and Van Soest (1970) . The NDF procedure was modified by the addition of heat-stable amylase (Sigma Chemical, St. Louis, MO) to all samples during analysis.
Ytterbium concentration was determined for duodenal and fecal samples for determination of nutrient flows. Dried samples were added (0.5 g) to 15 ml of nitric acid and placed in an 80°C water bath for 40 min and subsequently placed in a digestion block at 100°C for 10 min. Thereafter, temperature was increased slowly until reaching 160°C. After 2 h at this temperature, samples were allowed to cool at room temperature (28°C) and diluted to 50 ml with distilled water. Ytterbium concentration was determined by atomic absorption spectrophotometry (Perkin-Elmer 5000; Perkin Elmer Corp., Rockville, MD).
Ground samples of ytterbium-labeled mNDF, feed, duodenal contents, and feces were assayed for starch content (Herrera-Saldana and Huber, 1989) . In brief, 50 mg of sample was combined with 25 ml of acetate buffer and 100 µl of Taka-therm L-340 (Genecor, Inc., Palo Alto, CA), incubated for 30 min at 95°C, and moved to a 60°C water bath for 15 min. Subsequently, Diazyme L-200 (100 µl; Genecor) was added and samples were incubated for an additional 12 h at 60°C. After incubation, samples were centrifuged at 200 × g for 10 min (International Centrifuge, rotor #241) and supernatant (9 ml) was collected and 1% sodium azide (1 ml) was added (Herrera-Saldana and Huber, 1989. Samples were frozen (−20°C) until analyzed for glucose content by using a glucose oxidase procedure (Sigma) modified for a Cobas Fara II (Roche Diagnostic Systems, Inc., Somerville, NJ), and results were corrected for free glucose by subtracting measured free glucose present in samples assayed without enzyme additions.
Composited rumen fluid samples (1600 ml) were centrifuged (500 × g) for 15 min at 4°C for removal of feed particles and protozoa. Supernatants were subjected to an additional centrifugation (20,000 × g) for 20 min at 4°C to precipitate bacteria. Bacterial pellets were rinsed in 15 ml of 0.9% NaCl solution, centrifuged again, and finally, rinsed in distilled water to isolate the bacteria from the suspension. The final pellet was frozen, freeze-dried (model 100 SRC; Virtis Co. Inc., Gardiner, NY), and ground through a 1-mm screen (Kalscheur et al., 1997) . For determination of RNA content in ruminal bacteria and duodenal contents, samples of each (0.5 g) were mixed with 2.5 ml of HClO 4 and incubated for 1 h at 95°C in a water bath. Samples were buffered with 17.5 ml of 0.0285 M NH 4 H 2 PO 4 and again placed in a water bath (95°C) for 15 min. Samples were mixed and filtered through a Whatman GF/D fiberglass filter. The filtrate (0.5 ml) was added to 0.5 ml of AgNO 3 and 9 ml of buffer (0.0285 M NH 4 H 2 PO 4 ). Samples were refrigerated (4°C) for 12 h and centrifuged (12,000 × g) for 20 min. Supernatants were decanted and pellets were rinsed with precipitating solution ( (95°C) for 30 min. Absorbance was read at 260 nm on a spectrophotometer (Beckman, Fullerton, CA) and purine content was determined based on a standard curve (Obispo and Dehority, 1999) .
Total tract digestibilities for DM, N, ADF, NDF, and starch were calculated by using measured intake and fecal output of nutrients, whereas rumen digestibility was based on marker and nutrient concentrations in TMR and duodenal samples.
Statistical Analysis
Statistical analysis was conducted by using the mixed procedure in SAS (SAS, 1989 (SAS, , 1992 . The model included the effects of cow, treatment, period, time, and time × treatment interactions. Significance was declared at P < 0.10 and because treatment observations were not equal across periods, treatment means are presented in Tables 3 to 6 as least-squares means adjusted for cow and period effects.
RESULTS
Intakes and Digestibilities of Nutrients
DM and OM intake tended to be greater (P < 0.15) for the BM 3 fed cows compared with the ISO fed cows (Table 3) . Apparent ruminal DM digestibility was higher for the BM 3 versus the ISO treatment groups (P = 0.03). However, true ruminal DM digestibility (adjusted for bacterial DM flow) was not different (P > 0.1). Similarly, intake, duodenal flow, and apparent total tract digestibility of OM were not different (P > 0.1) between the two dietary treatments. Apparent ruminal OM digestibility of BM 3 corn silage was higher (P = 0.08) than the ISO corn silage, but when adjusted for bacterial OM, the true ruminal OM digestibility was not different (P > 0.1).
Neither NDF nor ADF intakes were different (P > 0.1) between dietary treatments (Table 3) . Duodenal flows of both NDF (P = 0.02) and ADF (P = 0.007) were lower for BM 3 treatment versus the ISO treatment group. As a result, ruminal digestibility (P = 0.007) and total tract digestibility (P = 0.07) of NDF were higher for BM 3 . Likewise, ruminal digestibility (P = 0.004) and total tract digestibility (P = 0.04) of ADF were higher for cows fed BM 3 compared with ISO corn silage. Starch intake (P = 0.04) and duodenal flow of starch (P = 0.03) were greater for cows fed BM 3 than ISO corn silage. Ruminal digestibility (P = 0.02) and total tract digestibility of starch (P = 0.08) were lower for BM 3 compared with the ISO treatment.
Nitrogen intake, despite changes in DMI, was not increased (P = 0.16; Table 5 ). However, consistent with the numerical increase in N intake, fecal N output Values are least-squares means (n = 5).
3
Probability that treatment effects are not different.
tended to be increased (P = 0.11) and total tract N digestibility tended to decrease (P = 0.11) for cows fed BM 3 compared with ISO diets. As a result, digested N, duodenal N flow, and bacterial N flow were unaffected (P > 0.10) by treatment. Urinary N excretion tended to be decreased (P = 0.11) for the BM 3 treatment Values are least-squares means (n = 5).
compared with the ISO treatment. Bacterial efficiency, both apparent and true, were greater for the ISO than the BM 3 treatment (P = 0.07 and P = 0.02, respectively).
Volatile Fatty Acids and pH
Acetate and butyrate molar percentages did not change in response to dietary treatment (P > 0.1, Table  5 ). Ruminal concentrations of propionate (P = 0.1) were higher for cows fed BM 3 corn silage; whereas isobutyrate (P = 0.0002), isovalerate (P = 0.0001), and valerate (P = 0.0003) were lower for cows fed BM 3 corn silage. Ruminal pH, averaged over time, was lower in cows fed BM 3 (P = 0.04).
Milk Production
Total milk production and milk components constituents were not different (P > 0.15) between the dietary treatments (Table 7) . Values are least-squares means (n = 5). 
DISCUSSION
Previous studies have demonstrated that incorporation of BM 3 corn silage in dairy cow rations increases the NDF digestibility and DMI Oba and Allen, 1999a; Rook et al., 1977; Tine et al., 2001 ). Oba and Allen (1999a) and Rook et al. (1977) hypothesized that gut fill was a limiting factor for achieving maximum DMI. They used dairy cows in early lactation with high energy demands observed and increased DMI with BM 3 corn silage. Based on this observation, Oba and Allen (1999a) and Rook et al. (1977) , proposed that the increase in DMI was due to increased NDF digestibility and, thus, increased DM flow through the rumen. Similarly, Tine et al. (2001) , using midlactation cows, and Muller et al. (1972) , using sheep, observed increases in DMI when BM 3 corn silage was fed. In the present study with dairy cows in late lactation. DMI was increased 1.4 kg/d in the BM 3 treatment. This response in intake, a 7% increase, is consistent with late-lactation studies of Frenchick et al. (1976) and Keith et al. (1979) and also with cows fed high fiber diets in the results of Oba and Allen (2000a) . However, earlier work (Sommerfeldt et al., 1979; Stallings et al., 1982) with peak lactating dairy cows fed BMR-based rations did not demonstrate increases in DMI. In general, daily milk yields reported for the studies where DMI was not increased or only moderately increased by BMR inclusion in the diet were considerably lower than those reported by Oba and Allen (1999a) and Rook et al. (1977) where DMI was increased. Thus, although DMI is not always increased (across stage of lactation) when BM 3 is fed, cows with higher energy demands do tend to increase DMI when fed BM 3 .
Consistent with the findings of Oba and Allen (1999a) from in vitro experiments, in the current experiment a large change in ruminal NDF digestibility was observed. The 15.9 percentage unit change observed in the current experiment represents a large increase (1.0 kg) in NDF disappearing in the rumen of cows fed the BM 3 corn silage diet. This is contrasted to the findings of Oba and Allen (2000b) in high producing dairy cattle where no change in rumen digestibility of NDF was observed. Dry matter intake in the current experiment was not different as previously discussed; however, in the Oba and Allen (2000b) experiment, DMI was increased and ruminal retention time reduced for the BM 3 diet.
Total tract digestibility of NDF was higher for cows fed BM 3 corn silage, although differences in total tract NDF digestibility were not as great as those observed for rumen digestibility. Oba and Allen (2000b) did not observe changes in total tract digestibility of NDF in vivo, although in an earlier study they measured a 9.7 percentage unit increase in the in vitro digestibility of NDF (Oba and Allen, 1999a) . Conversely, Tine et al. (2000) observed similar increases in total tract digestibility in both dry and lactating cows. These differences indicate a change in the pattern of NDF digestion where the extent of NDF digestion in the rumen is increased and the total tract NDF digestibility is only marginally increased when cows are fed a BMR-based ration, due to partial compensation by increased degradation of ISO silage. Starch intake in the current experiment was higher and total tract digestibility of starch was slightly lower for cows fed BM 3 compared with ISO corn silage, as was seen by Oba and Allen (1999a) . Ruminal starch digestion was reduced by 0.6 kg. Again, changes in rumen starch digestion were apparently compensated for in the lower gastrointestinal tract because starch digestibility for the total tract was only 1.7 percentage units lower. Cows fed the BM 3 corn silage diet digested 1.1 kg/d more starch postruminally than their ISO corn silage-fed counterparts. It has been reported that the partial efficiency of starch digested postruminally for productive function is 26% more efficient than starch digested ruminally (McLeod et al., 2000) . Thus, the approximate 1-kg increase in starch disappearing postruminally in the cows fed the BM 3 corn silage diet may represent significant productive advantage to these cows.
Intake of N was numerically increased by 6% for cows fed BM 3 corn silage due presumably to the tendency for increases in DMI (7%; Table 5 ). Oba and Allen (2000b) observed an increase in N intake without changes in ruminal or total tract digestion of N, and Rook et al. (1977) also demonstrated an increase in N intake, with no change in the N digestibility when dairy cows were fed BM 3 corn silage-based diets. In contrast to the findings of Oba and Allen (2000b) and Rook et al. (1977) , and consistent with the current results, Tine et al. (2001) reported a slight decrease in total tract N digestibility due to BM 3 corn silage in both lactating and dry cows.
As a result of the numerically increased N intake and only slightly decreased digestibility, a greater amount of feed N was digested in the current experiment for cows fed the BM 3 corn silage diet compared with ISO corn silage. Of the 34 g/d increase in N intake, 17 g of N was digested when cows were fed BM 3 compared with ISO corn silage. However, urinary N losses were 28 g/ d lower for the BM 3 corn silage fed animals, which is difficult to explain. In fact, although differences in urinary N excretion per day only tended to be different, urinary N losses were 11% reduced for the BM 3 corn silage-fed animals. When expressed as a percentage of N intake, this equates to a 7.5% reduction (46.5 to 39% of daily N intake accounted for by urinary N). Due to the increasing concern for the environmental impact of dairy animals and particularly NH 3 emissions, this shift in the use of N by the animal is of great interest. Presumably, the greater ruminal digestibility of the BM 3 corn silage diet affected the N delivery to the cow, which has resulted in a change in overall N economy. Regardless of the specific mechanism involved, less N was excreted in the urine and, thus, more N was retained by cows fed the BM 3 corn silage compared with ISO corn silage, which resulted in a more positive N balance of approximately 40 g/d.
True efficiency of bacterial N synthesis (grams of N per OM truly digested) was higher in cows fed ISO corn silage compared with BM 3 corn silage. This contrasts a recent report by Oba and Allen (2000b) in which greater microbial efficiency was observed in cows fed BM 3 , which was attributed to the increased N flow through the rumen for that diet. Although a lower efficiency of bacterial N synthesis for the BM 3 treatment group was observed, there was no effect on duodenal flow of N in the current experiment. Thus, a more likely explanation for the decrease in microbial efficiency for the BM 3 corn silage treatment observed here is the consistently decreased ruminal pH (Figure 1) , which has been shown by Hoover (1986) bacterial efficiency observed for the BM 3 diet is strongly affected by the OM digested in the rumen and the concomitant change in rumen pH. In support of this contention and consistent with the observed 1.0-kg increase in rumen OM and DM digestibility, ruminal pH was lower for cows fed BM 3 . In contrast, Oba and Allen (2000b) observed a higher microbial N efficiency despite a lower pH for the BM 3 treatment group. Again, the inherent differences in these two experiments primarily associated with increased DMI may explain these apparently divergent observations because, unlike Oba and Allen (2000b) , DMI was not increased to the same degree and thus rumen retention times would not be expected to be as affected in the current experiment.
This study further defines the characteristics of BM 3 corn silage digestion. However, most of the differences between studies (Oba and Allen, 2000b; Tine et al., 2000) appear to be explained by the varied energetic demands of production and the push for increased DMI. Regardless, the increases in digestibilities observed in this study are likely a causative factor for the increased DMI observed for cows at peak production in other studies.
CONCLUSION
Brown midrib corn silage resulted in small but statistically insignificant increases in intake of most nutrients for late lactation dairy cows, with the exception of starch. It did, however, improve the digestibility of DM, OM, NDF, ADF, and starch. This increase in digestibility allowed for more efficient absorption and use of nutrients. The moderate increases in NDF degradation of the BMR corn silage-based diet by the total tract is largely a result of greatly increased ruminal NDF digestion combined with a decreased postruminal fermentation. Thus, total tract increases in NDF digestibility are less apparent, in part, due to compensation by greater NDF digestion in the lower gastrointestinal tract when cows are fed less rumen degradable NDF such as the ISO treatment in the current experiment. However, in cows close to the dry period, this did not result in changes in milk production or milk composition. More research is needed to quantify the effects of BM 3 corn silage on site of digestion in the dairy cow, especially to verify and clarify the alterations in N economy.
